Urban planners and developers in some parts of the United Kingdom can now access geodata in an easy-to-retrieve and understandable format. 3D attributed geological models and associated GIS outputs developed by the British Geological Survey (BGS) provide a predictive tool for planning site investigations for some of the UK's largest regeneration projects in the Thames and Clyde River catchments.
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Using the 3D models, planners can get a 3D preview of properties of the subsurface using virtual cross-section and borehole tools in visualization software, allowing critical decisions to be made before any expensive site investigation takes place, and potentially saving time and money. 3D models can integrate artificial and superficial deposits and bedrock geology; and can be used for recognition of major resources (such as water, thermal and sand and gravel), for example in buried valleys; groundwater modelling; and assessing impacts of underground mining. A preliminary groundwater recharge and flow model for a pilot area in Glasgow has been developed using the 3D geological models as a framework.
This paper focuses on the River Clyde and the Glasgow conurbation, and the BGS's Clyde
Urban Super-Project (CUSP) in particular, which supports major regeneration projects in and around the City of Glasgow in the west of Scotland. The close cooperation and feedback from end-users of the models and other outputs is also essential to the success of the cross-cutting projects.
This paper concentrates on one of these cross-cutting projects, the Clyde-Urban SuperProject (CUSP), which is focussed on the Glasgow conurbation and the Clyde Basin, within the Midland Valley of Scotland. This region is the focus of Scotland's largest postindustrial regeneration activity. However, many of the issues discussed are generic and apply equally well to BGS's other cross-cutting projects (DAEM, the Thames Basin Project and the Permo-Triassic Aquifers Project).
URBAN DEVELOPMENT AND THE CLYDE-URBAN SUPER-PROJECT (CUSP)
The River Clyde is one of the more strategically important rivers in the United Kingdom, and the third longest in Scotland. It flows through the heart of the Glasgow conurbation This is a zone bordering the River Clyde which encompasses the Clyde Gateway ( Figure 1) and Clyde Waterfront urban development initiatives. Such long-term regeneration is intended to stimulate economic growth on a national scale, drive smaller community regeneration projects, and tackle the concentrated deprivation (Scottish Executive, 2006) which has stemmed from industrial decline.
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The Scottish Government has emphasised that successful regeneration requires the public and private sectors to work together at all levels, and with the communities themselves, to create real economic and social change, with local (governmental) authorities being the key There is also a growing emphasis on the evaluation and communication of uncertainty in data and 3D model output. The framework models are also being used as the platform for further modelling activities such as numerical groundwater modelling.
3D MODELS OF GLASGOW'S SUPERFICIAL DEPOSITS AND BEDROCK
BGS produces 3D models at a variety of resolutions, from national to regional and local;
these equate respectively to scales of approximately 1:250,000, 1:50,000 and 1:10,000. The models focus on lithology, stratigraphy and structure, and are attributed with physical (e.g. , and which is based on approximately 40,000 coded boreholes. This is based on 25 stand-alone models of the superficial deposits, and 5 separate bedrock models.
The GSI3D ( © Insight GmbH) code has been used to build the models of the superficial deposits and artificial ground in the Glasgow area. GSI3D utilises a digital terrain model, geological surface outcrops and down-hole coded borehole data to enable the geologist to interpolate between boreholes and outcrops, or subcrops, to construct intersecting crosssections (fence diagrams). The cross-sections and geological envelopes (limits of the While bulk property attributions of these 3D geological models are useful for portraying general properties, such as engineering geological (Merritt et al. 2006) or hydrogeological (Kessler et al. 2005 ) characteristics of an area, they do not portray the inherent variability of each unit needed for more site-specific considerations. At present, insufficient data are available on the variability of all units for more detailed, cellular (voxel) attribution, although this is a longer term objective. Therefore, a range of GIS methods has been developed to present and interrogate the geodata (Entwisle et al. 2008 ).
Superficial Deposits
The superficial deposit sequences in the Clyde Basin as a whole are relatively complex.
They reflect successive advance and retreat of ice sheets, several marine inundations during and since the last glaciation, the development of terraces, the deposition of estuarine sediments, and local lakes, some infilled partly by peat deposits. The superficial deposits are dominated by glacial till, often resting on bedrock and comprising a matrix of clay, sand and silt with pebbles, cobbles and boulders (Hall et al. 1998 ). The till, deposited during successive glaciations, may be heavily compacted.
[ uncertain. The infill of the buried valley is an important potential resource in terms of the sand and gravel aggregates that it contains, of the aquifer that these sediments may form, and of the ground source heat that the buried valley may contain.
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Bedrock
The Carboniferous bedrock which underlies the Glasgow area comprises simply folded but complexly faulted strata. The strata comprise mainly cyclic sandstones and mudstones with limestones, coals, ironstones and seatrocks. The coal seams and other stratigraphic boundaries included in the bedrock model (six layers in total) were recognised and modelled from sub-surface data (boreholes and mine plans) of varying data densities. The surfaces and faults were modelled using GoCAD™ software ( Figure 5 ), a commercial 3D modelling package used widely in the hydrocarbon industry. The surfaces were then exported to GSI3D and embedded in the Subsurface Viewer.
[ For example, a key concern within Glasgow is sustainable drainage, linked to flooding along tributaries of the River Clyde, with overloading of the largely combined (i.e. foul and storm water) sewer systems leading to increased pressure for onsite infiltration of storm water via sustainable drainage systems (SuDS). However, the long term impacts of widespread SuDS installation on groundwater and on groundwater-dependent surface water systems are unknown. To ensure real sustainability of urban drainage systems, a better understanding of the groundwater system is needed, which will depend on the availability Page 20 S.D.G.Campbell et al. 3D modelling and related datasets for Urban Development -A case study in Glasgow-Clyde, UK of better data -e.g. from aquifer testing and groundwater level and quality monitoringand on detailed modelling of groundwater, surface water and the interaction between them.
The 3D geological models provide an excellent framework for numerical modelling of the shallow groundwater system and of surface water-groundwater interaction; and can help ensure effective groundwater monitoring by focusing attention on the most significant hydrogeological units.
In another example, the thermal potential of waters flowing through areas of former mineworkings beneath Glasgow is of growing interest to a number of stakeholders, and the 3D geological models can be used to help investigate the presence and thermal characteristic of these minewaters. Another potential thermal, as well as water supply, resource may be groundwater within the Kelvin buried valley, and assessment of this resource could be supported by the 3D geological model.
The application of the 3D geological models to these three issues in Glasgowgroundwater modelling, thermal potential, and groundwater monitoring -are discussed below.
GROUNDWATER MODELLING Page 21 S.D.G.Campbell et al. 3D modelling and related datasets for Urban Development -
A case study in Glasgow-Clyde, UK Preliminary numerical groundwater modelling in the Glasgow area is concentrating on the hydrogeology of the superficial deposits aquifers in the Clyde Gateway area, but a preliminary recharge model for the whole of Glasgow has also been developed. The groundwater modelling has been done using the ZOOM family of numerical groundwater modelling codes, in particular the ZOODRM distributed recharge model (Mansour & Hughes 2004 ) and the ZOOMQ3D saturated groundwater flow model (Jackson & Spink 2004) . Both these use a pre-processor called ZETUP and spatial input files from a GIS (Jackson & Spink 2004) . ZOOM was developed using object-oriented techniques, a programming approach commonly applied in commercial software development but only relatively recently adopted in numerical modelling for scientific analysis. A purpose-written tool built in GSI3D is used to convert data from GSI3D to ZOOMQ3D. This is the first numerical groundwater modelling at greater than site-specific scale that has been done in Glasgow, and will greatly enhance the understanding of the groundwater system. The model provides the first detailed estimates of recharge for the city, partitioned into the various recharge sources, and the first quantitatively based simulations of shallow groundwater flow paths beneath the city.
Groundwater recharge for the whole of the Glasgow urban area has been modelled using ZOODRM ( Figure 9 ). Distributed rainfall, evaporation and land use were used to calculate Page 22 S.D.G.Campbell et al. 3D modelling and related datasets for Urban Development -A case study in Glasgow-Clyde, UK recharge to un-sealed areas (e.g. gardens and parks) using the soil moisture deficit method (Penman 1948 , Grindley 1967 ). The recharge model incorporates overland water routing to sewers and culverts and the dominant urban recharge source, which is leakage from sewers and pressurised water mains.
[ To date, a preliminary, unvalidated steady state run has been done to predict groundwater levels in the superficial deposits ( Figure 10 ). This should be viewed as illustrative of the type of groundwater system considered to exist in the Clyde Gateway area. Where measured groundwater level data are available, these have been used to constrain the model. However, groundwater level data for Glasgow are scarce, and often of poor quality.
These issues are discussed in the section Groundwater Monitoring, below. work is currently being done to quantify that resource, using the 3D geological models of the bedrock geology as a basis for understanding the overall groundwater system. The future incorporation of information on former mineworkings into the 3D geological models will further enhance the opportunities for investigating the thermal resource, in particular by enabling more detailed thermal modelling.
The 3D geological modelling of the Kelvin buried valley will also be a key component of future work to model the water supply and thermal resource potential within the valley.
GROUNDWATER LEVEL MONITORING
The lack of basic groundwater data is a major limitation on improving our understanding of the groundwater system in Glasgow -e.g. on the development of numerical groundwater models -and therefore to our effectiveness in addressing issues such as Sustainable Drainage Systems (SuDS), flooding and developing thermal potential. One of the key datasets is groundwater levels, needed to develop a conceptual understanding of where groundwater exists, how and where it flows, and how this varies through time. Generating more widespread, more frequent, more consistent, and carefully measured and constrained Page 25 S.D.G.Campbell et al. 3D modelling and related datasets for Urban Development -A case study in Glasgow-Clyde, UK groundwater level data is fundamental to further research on issues such as groundwatersurface water interaction (including the role of groundwater in flooding). The 3D geological models provide the basic framework for interpreting groundwater level data in the context of the whole groundwater system, and can be used to focus groundwater monitoring efforts where they will be most effective.
There are a number of issues surrounding the measurement and interpretation of groundwater levels. Any available groundwater level data can be subject to various errors, both of measurement and interpretation. Lovatt (2008) has investigated the applicability of various approaches to using available groundwater level data for Glasgow, which are of variable quality. Groundwater level data were collated from existing records for a trial area around the Clyde Gateway in central-east Glasgow, and used to interpolate new groundwater level maps. However, the existing spatial distribution of high quality data is not sufficient to allow the interpolation of a groundwater level surface even across the trial area, let alone across the whole city. In Glasgow, groundwater levels appear to show Work is ongoing to develop a groundwater monitoring strategy for Glasgow, focusing intially on the central-east part of the city, and on groundwater levels in superficial deposits. Existing groundwater level monitoring data are being collated, in particular from Glasgow City Council, who are the recipients of data collected by contractors working on the main regeneration sites in this area, including the Clyde Gateway and Commonwealth
Games sites. These monitoring data will be interpreted with reference to the 3D geological models to put the measured groundwater level data in the context of the hydrogeological units in this region and the overall groundwater system. Using this improved understanding of the shallow groundwater system, recommendations for future groundwater monitoring will be made, so that groundwater level data are collected at a suitable spatial and distribution and temporal frequency to reflect the geological and hydrogeological complexity beneath the city.
Future work will expand these efforts to investigate groundwater levels in the bedrock aquifers, again using the 3D geological models to interpret these in context and so develop a fuller understanding of the whole groundwater system. attributed geological models and associated tools. The attributed 3D geological models, groundwater numerical models and other outputs for Glasgow and the Clyde Basin enable visualisation of the geological and hydrogeological systems. There is a wide range of ways of interrogating the geological models by generating and viewing synthetic (virtual) crosssections and boreholes at any locations within the models, enabling users to have a predictive view of the geology and physical properties of the subsurface, and plots, and graphs which characterize modelled unit variability. These outputs can be used to communicate a broad range of geoscientific information to specialists and non-specialists alike. These products will also improve our understanding of complex geoscience issues such as the impacts of flooding and sea level change, hazards related to past mining, groundwater contamination, and the sustainable development of water, thermal and other resources. The integration of information from the 3D geological models with groundwater models and with GIS provides a powerful desk study tool to aid planning from the geoscience perspective, for example to optimise the layout of developments. The 3D
Page 28 S.D.G.Campbell et al. 3D modelling and related datasets for Urban Development -A case study in Glasgow-Clyde, UK geological and models have the potential to save time and money when planning site investigations for major construction projects: they can contribute to construction risk management and to potential reductions in project delays and project overspends by reducing risk especially in relation to unforeseen ground conditions.
Work is ongoing to combine digital geoscience data with environmental data from other disciplines, to provide fully integrated, up-to-date and accessible information and knowledge that will assist planners, developers and regulators in making holistic decisions about sustainable land-use, development and regeneration.
